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Volume mixing ratio profiles of organic (CIClg, CF2Clo, CHI%, Cl, C¥Fo CICFCly, CFy
SF¢) and inorganic (HF, CO¥F3) fluorine species have been derived {from a series of high-
1 esolution infrared solar spectra recorded by the J1°L MK 1V interferometer during  a
September 1993 balloon flight from Ft. Sumner, New Mexico (34° N; 104° w). The
total fluorine budget over the 6-39 km altitude 1 ange has been evaluated by adding
these individual mncasured profiles to model predictions for the unmeasured inorganic gas
C O¥ClI (considered to be a most 6% of the total inorganic fluorine budget). The mean
total inorganic fluorine above 35 km was found to be 1 .344:0 .06 ppbv (parts per billion
by volume.), inagrecement withthe value (1 .32 ppbv)inferred from a time-dependent,
two-dimensional model. The results for total flug] ineindicate asteady decrease of its
volu me mixing ratio, with increcasing altitude, fromn atropospheric value of about 1.88
ppbv to L.17 ppbv at, 40 k. The autumn 1993 stratospheric budget of inorganic fluorine
IS commensurate with tropospheric values Of fluorine concentrations reported inthe late!
1 980's. Therefore, the “mean age” of the st1atospheric airmass estimated from the MkI1V
fluorine budget (5-6 years) is in good agrecinent With model simulations (5-7 years) and

recent ATMOS measurements.




INTRODUCTION

The atmospheric lifetimes of most chlorofluorocarbons (NW’'S) and hydrofl u-
orochlorocar bons (H CIFC’s) are sufficiently long to allow them to be trausported
to the stratosph ere where their chlorine atoms arce removed, and then participate
in the catalytic destruction of ozone. Estimat es of their concentrations in the
stratosphere are thercfore required to accurately predict their future impacts and
hence determine the emission reductions necessary to stal Hilize present amounts.

Removal of fluorine atoms from CFC’s and HCFC’s is more difficult than chlo-
rinc and so the fluorinc are generally released in the later stages of the 1yreakdown
and at higher altitudes. Unlike atomic chlorine and bromine, the reactions of
atomic fluorine with CH4 and H20 arc very fast and fluorine is thus efficiently
removed to form hydrogen fluoride (HF) and therefore dots not participate in any
catalytic cycle that significantly depletes ozone [Stolarski  and Rundel, 1975]. 11F
is immunc to attacks by stratospheric free radicals, except for the highly reactive
and very trace species O('D), and radiation less than 165 nin wavelength and
therefore cannot be recycled back to active fluorine. Iurthermore, HIs insolubil-
ity in sulfuric acid makes it incapable of participating inheterogencous reactions
producing active F-containing spccies [Hanson and Ravishankara, 1992] and is
generally believed not to lead to catalytic ozonie destruction. Recent discussions
on the production of CI¥5 radicals from HCFC decomposition and its potential to
catalytically destroy ozone, analogous tothe OH and HO, reactions with ozone,
have also been demonstrated to be negligible [Ko et al., 1 994].

The CFC’s and H CIC’s are strong mid-infr ared absorbers and can causce sig-
nificant radiative forcing of the surface-trol)osj >here system. Coupled with other
long-lived and ‘(well-Inixd” greenhouse gascs (COz2,Cl1 4,N, O, cte.) the change
innct irradiance at the tropopause between the years 1980-1990 was about 0.45
w i n2, almost four times bigger thanthe cooling caused by stratospheric ozonce
depletion during the same period [ WMO, 1 994]. Long-term decrease of lower-
stratosphere temperature have recently been reported [ WM0O,1 994] and changes
inthe radiative propertics of the stratosphere arc animportant part of the cause
of thetrend. Studies have aso shown that the globally-averaged warming is most
scnsitive to (i) the magnitude of the cooling int helower Stratosphereductoozone

loss, and (ii) the global relative cefliciency of bromine for ozone loss as compared




to chlorine [Daniclet al., 1 994]. The futurc radiative forcing and hence climate
changes will thus depend upon the time dependent mix of anthropogenic source
gases inthe stratosphere. Mcasurements of F- containing species in the strato-
sp here uniquely reflect the amounts of anthropogenic gases transported into the
middle atmosphere and available for participation in (i) the catalytic destruction
of ozone, (ii) the indirect cooling of thelower-stratosphiere due to ozone loss, and
(i) the dircct heating of the troposphere through infrared absorption.

The p urpose of the paper is to describe in detail the MkI'V mcasurements of
fluorine specics in the troposphere and stratosphere. Wc first review the chemi-
cal degradation of CIC and HCYC in the atmosphere to ]-c-affirm that inorganic
fluorine species in the stratosphere reflect the amounts of anthropogenic source
gases broken down in the middle atmosphere. We then describe the balloon flight
on which the solar obscrvations were performed and the technique used to deter-
mine slant column abundances and voluine mixing ratio (vinr) profiles. Results
for the individual flourine-bearing gases arc comparcd with previous measure-
ments and collated in terms of their contribu tion to the fluorine (organic and
inorganic) budget inthe atmosphere. Finally, the MkIV mcasurements of total
fluorine abundance in the atmosphere are com pared with 21D model simulations

and ATMOS measurcinents.

011;h41STR% Or STRATOSPHERICFLUORINE
The release of fluorine from the CFC’s is believed to be analogous to the well-
known CHy oxidation scheme. CFC oxidation in the stratosphere occurs with
the break of a C-Cl bond and continues with the breaking of the remaining C-Cl
1)01)(1s before any of the C-1"’s[Kayeet d., 1991].In Case of HCI'C’s, the c-c]
bonds break after the C-11 bond but before any of the C-1¢ do. For CFC’s (and
HCYF(C’s) containing more than onc fluorine atom, source gases arc first broken
down to CF,Cl (e.g. CF2Cl2 + hvy — CF,Cl+ CI; CHIF,Cl + OH - CI,Cl +
H20) which then undergoes the following chain of reactions
Cl2Cl + Og + M — CI%CIO; -t- M
Cl'eClO2 4 N O - CI'2ClO + NO,
Cl'y C1() + Oz -9 CI20 + C10O2




The temporary reservoir COYy is quite stableand s only slowly broken down by
photolysis:

CF;O 4 hw -5 CFO 4 F
The 1° atoms produced by the reaction chains quicl ly reacts with 1,0 or Cly to
produce HF.

Source gases witha single fluorine atom arcinitially broken down to CFCl; (e.g.
CrCis + hr - CFClz + CI) which then undergoes a similar chain of reactions

CIKCly -i- Oy + M — CFCI,02 + M
CFCl; 024+ NO - CFCI0 - NO,
CIFCl1,0 + O2 -» CFCIO -t ClOg
CIFCIO + hw — CFO +- ¢l
The CIO produced from this, and the previous, rcaction chain rcacts with Oz
CrO 402 — CF(O)O2 —» FO 4 COq
to form F(). The fluorine atom is removed froin IFO by its reaction with ()(1))
(FO+O(D) =1 +- 02).

The remaining fluorine-containing source gas of importance, from the emission
scenarios, is CIoCICFCl2 (CFC-11 3) and is lost via photolysis and reactions with
0( 'D). Therefore, measurements of individual fluorine species is uniquely valuable
for investigating the atmospheric circulation and the chemical partitioning of this

halogen when evolving from source to temporary reservoir to sink in the lower

stratosphere.

INSTRUMENT AND BALLOON MEASUREM kNS

The latest in a series of FrJ 11/ spectrometers designed at J 11, the Mk1 'V Inter-
ferometer [ Toon, 1 991]uscs the solar absorption technique to remotely measure
the atmospheric composition. The high spectral resolution (0.0]cm'] ) and broad
spectral coverage (650-5650 cm- ') of the MKIV instrument allows it to measure
a arge number of different gases simultancously i the same airm ass. MkIV uscs
two cryogenically co oled detectors, a HgCdle photoconductor for wave-numbers
below1 850 em'! | and an InSb photodiode for wave-numbers above 1850 c¢m™ .
This arrangement. prevents photon noise from high wave-nunbers degrading the

signal a lower wave numbers. Typically, a pair of million point interferograins




take 3 % minutes and upon phase corrcction and Fourier transform yicld spectrum
with signal-to-noise ratio inexcess of 300:1 over the entire spectral region.

The sunset occultation spectra analyzed in this work were acquired from 38 km
altitude during a balloon flight, conducted from Ft. Sumner, New Mexico (34.48°
N; 104.22° W) on 25 Scptember, 1993. The flight was e¢xceptionalin that a very
clear troposphere allowed us to track the sun al the way down to the surface.
Thus, the lowest tangent height was 4 km. A spcctral resolution of 0.0075 cm ak
(66 cm maximum path difference) was employed at solar zenith angles up to 93°
(~28 km altitude), at which point wc switched to 0.015 ecm”! resolution to allow
morce rapid sampling, and thereby keep the tangent, point, scparation of successive
pairs” of spectra in the 2-3 km range. Each analyzed spectral pair (reverse and

forward runs)thercfore represents 100 or 200 seconds of observations.

D ATA ANALYSIS

Data analysis proceceded by a2-step approach. Iirst,a Non-Linear Least-
Squares (NLLS) fitting algorithm was used to determine the slant column abun-
dances for each target gas in each spect ru m. Then alincar equation solver was
used to retrieve vmr profiles. The entire spectral fitting and retrieval process is
then repcated using the ncw retrieved vinr profile as the initial guess.

Before analyzing any MkIV spectra a “high- sun” spcctrum is computed by
averaging the lowest airmass spectra acquired from a height of 38 km. Each
individual spectrais then ratioed by the “high-sun” to climinate solar absorption
fcaturcs and spectrometer continuum curvaturc which would otherwise lead to
systematic offset, in theline of sight column.

Srecrral Firring

An initial atmospheric state (defined by the pressure-temperature and vmr
profiles) is prescribed and used by a “forward model” to computce a spectrum. An
“inverse mcthod” then compares this spectrum with the onc actually measured,
and adjusts the prescribed atmospheric state toimprove the match. The NLLS
algorithm performs simultaneous adjustments to the gas abundances, continuum
level, continuum tilt, and frequency shift to minimize the squares of the residual
between the computed and measured spectruni. The error in the slant column

determinationis computed from the residuals, and includes contributions from
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determination is computed from the residuals, and includes contributions from
the covariances of the other fitted paramecters, and uncert ainty in the spectrum

zerolevel.

Prorme Rerrisval

The slant columns, together with the m atrix of com pu ted geometrical slant
path distances, arce then inverted, using the lincar equation solver, subject to a
derivative constraint to yield vinr profiles. The vertical separation of the retrieved
vmr profiles was chosen to be 1 kin, despite the tangent point spacing being 2-3
km. There are two reasons for this choice (i) com patibility with the forward model
inputs, and (ii) not to degrade the high vertical resolution immediately below the
balloon where the tangent point separation is small. T'he reported error in the
retrieval of vinr represents the relative precision of the retrieval at the various
levels, “1'11(s(" ar-e the changes to the vinr that would change the slant colummus by
their one sigma uncertainties. Levels which lie close to the tangent altitudes tend
to have sm aller crrors than those in between. Retrieved vinr values were  allowed
to go negative so as not to positively bias the profiles and hence the total fluorine.
Generally, the negative retrieved vinrs are smaller than their uncertainties so that

they arc not statistically significant.

AuxinIARY Dara

The temperature profiles used initially 1 this exercise were radiosonde measure-
ments compiled from the stations around the laun chi site. ‘1 hese were subsequen tly
refinied using vinr profiles of CO2 derived from tem peratu re-sensitive lines near
2390 cm”'. These spectral lines provide temperature profiles accurate to within
a couple of Kelvin. Ingenceral, the sensitivity of the fluorine absorptions used
in this study to temperature are small and so the error in the final temperature
profile is not asignificant source of error in slant columns. 7'he 11101 (("111211" Spectral
paramecters used in the spectral fitting calculation were taken from the ATMOS
compilation [Brown ¢t al., 1 987] but incorporating recent improvements fromthe
HITRAN linclist [Rothman et al., 1:393]. Spcctroscopic parameters for the fluorine
specices described in the present work are reprod uced inTable 1. ‘1 'he systematic

crror, in the retrieved burden, arising fron using this spectrosc opic compilation is




essentially due to uncertainties in absolute hne strengths at 296 I< and their tem-

perature dependences. Changes in the former can be accounted for by a simple
scaling of the gas burdens. However, a. complete spectral fitting and vinr retricval

is 1 ccessary to incorporate corrections to the teynperature dependence.

O1nerGases

In addition to the fluorine species, spectral analyses were performed on many
other gases including COs2, No (), and Neo. Solar zenith angles of” individual spectra
were determined by constraining retrieved mixing ratios of COg to be consistent
with in-situ measurements [Schmidt and Khedim, 1 991]. The I'et].icva of along-
lived tracer like N2 O allow exacting studies of correlations amongst the many gases
micasured 1oy MKkIV and facilitates comparison with results of similar exercises
from other instruments and models. An independent measure of the end-to-end
analysis procedure was provided by No retrieval using the lines near 2400 cm™*
The retrieved values ranged between 0.77 and ().82 having arms deviation of
onlyl % over the 20-35 ki altitude range {from the known value of 0.78. The
systematic errors are largely due to pointing inaccuracies and uncertaintics in the

temperature profiles.
Resulrs AN DISCUSSIONS

Fruoning Gasies INn The STRATOSPIERE

In this section we describe briefly, for fluorine species listed in Table 1, the ab-
sorption features sclected for spectral fitting and the retrieved vinr profile. While
MKIV observations of the principal fluorine sources (CloCly, CIFCly, CHF2Cl)
and sink (111") have been presented before [Toon et al., 1989; Sen et al., 1995],
they will be further discussed to assert our capability to measure fluorine loading

in the atimosphere.

CryCly (CIW-12)

CFC-1 2 was analyzed using the two Q-branches at 922 emn”'and 1161 ¢,
‘1 'he spectroscopic parameters used in the analysis were derived from published
high-resolution absorption cross scctions [ Varanasi, 1 992]. These absorption cross
scctions were calculated from laboratory spectra acquired at atmospheric p res-

surcs and temperatures similar to those sampled by rern ote-sensing instruments,
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Although the 1161 cm™ ! region suffers from interference by Oz and N, O, its
stronger absorption allows CFC-12 to be retrieved to slightly higher altitudes.
Iigure 1 shows an example of an observed (diamonds) and calculated (solid
linc) spectrumused inthe retrieval of CI’C;-12. T’he retrieved vinr profile for all
fluorine source gases measured by the Mk1'V is i] lustratedinFigure 2. The C 1 (;-
12 approaches a tropospheric value of 500 pptyv down to 5.5 km, the minimum

altitude to which vimr profiles were retrieved.

CICls (CIFC-11))

cl’’C-1 Iranks sccond to CFC-1 2 in atmosplieric abundance of anthropogenic
gases. Duc to the absence of sharp Q-branch-like features in the CHoC-11spectru,
the entire 14 band between 830-860" ¢’ has to be fitted simultancously.

The spectroscopic parameters for the analysis were again derived from the
published high-resolution absorption cross sections [Varanasi, 1992]. The result
of a spectralfit and is shownin Figure 3. ‘J'heinterval issimultancously fitted for
CFC-11,1INQO3,CO2, and Hy 0. The retrieval gives a tropospheric value of about.

290 pptv,inagreement with an-situ measurements [Kaye et al., 1 994].

CHF,Cl (HCKC-22)

Concern over environmental ¢ onsequences of CFC’s in the atmosphere have
resulted in their replacement with shorter-lived H C1C’s of which H C1C-22 is
currently themost abhundant. The retrieval Of atmospheric }] CFC-22 profile is
1)21 sed on the anomalous 206 Q-branchat 829.05 em™ ', The spectral interval is
analyzed for the prominent HCFC-22 and Oz using the spectroscopic compilation
of Brouwn ctal. [1 987]. The ability to detect and mcasurc Y CI'C-22 is illustrated
by the fitting (Figure 4) in which the residual is almost at the level of’ spectrum
noisc. The vimr is very similar in profile to that reported carlier by ATMOS
[Zander et al., 1 992] but almost 89% higher in tropospheric absolute value. It
reflects the growth of this gas at the Farth’s surface and its transport into the
stratosphiere, as also reported by Gunson et (L7., [1 994].T'he tropospheric value of

about 125 pptv is consistent with 2n-sile measurements.

CF,CICYCl; ((WC-113)




CIFC-113 is another important fluorine-bearing, anthropogenic, tropospheric
source gas measured by the MKIV. It exhibits several featureless, broad absorp-
tions in the mid-infrared, the most casily measured being the o band in the
804-830 ¢m ™! region. The spectroscopic paramcters for CFC-113 and two in-
terfering gases (HCFC-22, CINO3) were derived from published absorption cross
scctions [McDaniel et al., 1991; Varanasi, 1992). Additionally 120, CO2, and Oy
were also simultancously fitted to accurately characterize the computed spectrum.
Figure 5 illustrates a typical spectral fit, the dashed line representing the absolute
transmittance of CFC-113 alone. Despite contributing no more than 8% absorp-
tance in the illustrated spectrum, and overlapping the R-branch of the HCFC-22
v4 band, CIFFC-113 can nevertheless be accurately quantified since the HCEFC-22
can be unambiguously determined from its well isolated 26 Q-branch at 829.05
cm™ . The retrieved vmr profile for CFC-113 is shown in Figure 2 and represents
the first ever published using remote sensing techniques. The gas approaches a
tropospheric value of 80 pptv, cousistent with measurements reported in [Kaye el
al., 1994). While its concentration, at the ground is small (~80 pptv), CI'C-113

nevertlicless contributes ~14% of the total tropospheric fluorine budget.

Cly

CY4 is an inert gas widely used for low-temperature refrigeration, as an insu-
lator in clectrical subsystems, and is also produced as a by-product of aluminum
smelting. The chemical lifetime of CF4 is extremely long and so it is expected to
be well mixed throughout the troposphere and stratosphere.

CF4 is analyzed in the MKIV spectrum by {fitting both its Q-branch around 1283
em™ ! and the R-branch at 1285 cm™ ', In cach case, the target gas is fitted along
with N, O, CH4, and H20 to minimize errors they might introduce. Figure 6 shows
a fit to the broad Q-branch of CF4 in a spectrum recorded for a tangent height
of 26.37 km. Again, the absolute transmittance due to Cly alone is illustrated
using dashed line. The derived vir profile for CF4 is shown in Figure 2. The gas
has an almost constant. profile (=52 pptv) from 20 ki uP- However, throughout
the troposphere the profile exhibits a monotonic decrease from 1 ()() pptv at 5 kin
to 52 pptv at the tropopause. The best estimate of atiosphericlifetime of Cly is

more than 25000 years [Ravishankara ¢t (L/. , 1993], far longer than the time scales




of mixing or meridional transport, thus making it well mixed globally. The large
monotonic decrecase of =50% in vinr from the middle to the upper troposphere is

uncxplained and awaits further review of t he spectral interval.

SIDG .

Sl is a trace gas produced entirely for use i1rhigh- voltage electrical and clece-
troniccquipment and has noknown natural sources. The high chemical stability
and long atmospheric residual time (>5000" ycars) has also allowed one to use
SI¢ as a mecteorological tracer. The gas is identified in the MkIV spectrum by
its Q-branch at 947.9 cm ' and can be retrieved over much of tangent altitude
range in the September 1993 balloon flight.

The Q-branch of SFg is fitted in Figure 7 along with the more prominent COg
andHz2 O absorption. The broad SFgabsorption (9477 - 948.() ™ ') is overlapped
by a high ground-state energy COzline (F;’’=2416 '), However, the entire
absorption is much wider than the CO2 and thus can be clearly distinguished
from it. The SF¢ vinr profile retrieved from the Mkl V' observations is shownin
Figure 2. Our upper-tro pospheric vinr of 3.8 pptv is consistent with the 1985
ATMOS mecasurements when the published global average exponential increase

ratc of 10.5%/yr is considered [Rinsland et al., 1 990].

HF

HF is created in the stratosphere from the destruction of CFC’s. It undergoes
almost no further chemical changes and is lost from the stratosphere through a
slow diflusion in to the troposphere and an eventual rainou t. I'1IY was retrieved
using three lines of its 1-0 transitions, as described in Sen et al., [1995]. The lines
arc listedin ‘1’able 1. The derived HE slant columuns were a weighted mean of
all three. Spectral fit to the HE R1line is illustrated in Figure 8. The spectrum
was recorded from an altitude of 37.4 km and at an astronomical solar zenith
angle of 94.07°. The 0.015 c¢m - resolution spectrum was observed to be at a
tangent height of 21.7 kin. A H20 line at 4039.25 em™ is the primary interfering
gas and has been simultancously fitted to mimmize its impact on the HF. The
vinr profile of both HF and COF2 is reproduced in Figure 9. HIY approaches
a Stl‘?ll‘tr()S])ll(‘rl'i('. value of 1.15 ppbv at 39 ki, a value commicnsurate with recent
ATMOS observations [Zander et (L/j 1994]. ‘1 'he retrieved profile includes an

10



inflection at around 23-25 km altitude. As this feature is also present in all the
long-lived trace gases retrieved (e.g. N2O and CFC-12) it can be attributed to

local transport effect and not some chemical changes in HE.

C()]“z

COF5 constitutes about one third of the entire inorganic fluorine abundance
in the stratosph erc mmaking it the dominant temporary-rescrvoir of fluorine at the
latitudes of M KIV obscrvations. Formed from the break- down of ci1”c-12 and
HCFC-22, COF2 can further photolyze to form HY, the only known fluorine sink
in the stratosphere. COF2 is also an important intermediate in the decomposi-
tion of currently proposed alternate fluorocarbons, Itsmeasurement allows 1111-
derstanding of chemical reactions following the hreakup of anthropogenic gases in
the stratosphere, The J 141, MKV spectra covers all the COF, absorption features
observed in the laboratory, including those arounr d 1938 em ' used by A1 M os for
retrieval of the gas[Zander et (Ls., 1 994]. Retrieval performed using manifolds at
1938 c¢m™ ', Figure 1(), were found to have better precision than the ones centered
around 1234 and 1251 cm “ . A weighted slant column abun dance fromall three
spectral intervals was used in this study, although it differs from that obtained
from the 1938 ™ 'interval alone, by only 4.4% 41 .6%. The COFy profile in the
mid-latitude stratosphere peaks at 31k to a maximum value of 0.21 ppbv. The
profileabovethe maximum decrcases very s oothly with 1 cight. The vimr profile

and value agrees well with ATMOS observations of 1992.

Mib-LAarirupe FLUoRINE ABUNDANCE

Total {fluorine in the upper stratosphere resu lts from the accumulation of the
inorganic gases H1°, CO 1"Cl, and CO¥Fz2 as well as the lon g-lived organic specics
CFs. As CFy is well mixed on a global scale and maintains its characteristic
throughout the troposplicre and stratosphere, the total budget is thus the sum of
inorganic fluorine ([HF] + [COYCI] 4 2*[COF4]) plus the constant bias of CFy.

The only inorganic fluorine species in the lower stratosphere not! measured by
the MKIV is COXCL. The lack of any discernible absorption signature of COYClin
solar- occultation in frared spectrum makes the gas im possi ble to measure. In the
MKIV spectrum, the principal region of COFClabsorption ( 1850.1- 1 907.9 ™)

is dominated 1)y spectroscopic signatures of the immenscly more abundant gases
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Oz and COg2 making the fluorine species impossible to detect and quantify. The
gas ariscs primarily from the photolysis of CEFCIy in the lower stratosphere. Since
COI'Cl is also the most casily photolyzed {luorine reservoir, its vinr falls off rapidly
with dncreasing altitude [Kaye ¢t d., 19{)1 ]. Thevmr profile of COFClused in
this study, Figurc 9 (dashed linc), is a 2-1> model calculation and its contribution
to the mid-latitude inorganic fluorine budget is at most 6% in the altitude range
below 30 km. Details of’ the 2-1D model and some its results have been described
clsewhere [Sen et (11., 1995, Kaye ct al., 1 991]. The 2-1) modecl calculation was
carried out over the period 1970-201 (), with source gas conditions at the ground
up dated cacllycar based on WMO reports. The COFCl vinr profile represents
the conditions in September 1993 at a latitude of 35° N (time and latitude of
MKIV sunsect). The profile peaks to a valuc of 83 pptv at an altitude of 25 km.
COFCI practically disappears above 33 km an d playsn o role in the inorganic
fluorine budget at greater heights.

The sum of imorganic {luorine and its sources inillustrated in Figure 11. The
usc of No (), inplace of altitude or pressure, allows a i ore uscful illustration
of fluorine (organic, inorganic, and total) mixing ratio profiles by removing any
transport-induced folds inthe individual profiles. Retrieved volume mixing ratio
profiles for all fluorine species measured by the M1V is tabulated in ~'able 2. The
profile for COFCI is derived from the 2-1) model calculations. The vinr profile
in the last column is the fluorine-number weight ed sumn of allinorganic sinks and
its organic sources (excludes CFgqand SFg). The mean total inorganic fluorine
above 35 km, Mcasured by MkIV, is 1.34 ppbv and is commensurate with recent
ATMOS observations [Zander et al., 1994]. Above 35 km the total inorganic
budget is accounted for by NF and COFy alone. The inorganic fluorine budget
is also in agrecement with the mean tropospheric value (excluding CFy4) for 1987-
1988, when a 5.2% per year incrcasce in fluorine loading is added to the 1.32 ppbv
reported for 1986 [ WM0,1988). This indicates a 5-6 ycar transport time {for the
fluorincin lollg-lived source gases, rcleased attheground, to Lreobservedat 40 km .
The mixing time is in good agreement with ATMOS results [Zander et al., 1994]
from” their analysis of long-lived anthropogenic source gases and the COz2 vmr
measurcements of Schmidt and Khedim [1991 1. Hall and Prather [1993] modcling

an ensemble of CO2 airmasses of different ages computed amean delay of 4 years
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between the parcel’s characterization in the troposphere and at 30 km. The model

ralue is in reasonable agreement with Mk 'V observations when considering the
alti ude differences and the caveat that the computed mean age is valid only for
COsy concentration varying lincarly with t me.

Our measured organic fluorine budget at the owest tangent altitude was ob-

d by

served 1o e 1.88 ppbv. On the basis of tropospheric measurcments mthes

WMO 1991], the total concentration of fluorine containing anthropogenic gasc:
(CI.Cly. CFC 5, CHEF,Cl, CF,CICICly, CBrCly, CBrl7y) was 1 58 ppbv in 1990

and increasing 5.2% per year. The 993 mcasurements oy MKIV are therefore

rood agrcement with tropospheric measurementsin 1990 when herate of increasc
£
is factored .

The fluorine budget from the 2-1D model calculation is overaid o tic Mk V

&
results in Figure 12, The time-dependent model runs were performed for latitude
and tim > encon oassing the September 993 MkIV balloon flight. The model
1 g2

«d wi h source CFC’s and 1 CFC’s emissions

run for Septemer 1993 was i1 dal
characteristic detailed in WMO [1991] and the tota fluorine (excluding Cla)
of 1.77 ppbv is consistent with MkIV observations. Summing up he inorganic
fluorine above 35 km the model Hredic s a value of about 1.32 ppbv, in good
agrcement with MKIV observations.  Iurther, comparing the time cevolution of
inorganic fluorine at 60 km (MF and CO¥2) to the organic source concentrations
used as yearly input into the model, a mean age of 5-7 ycars is derived for transport

i {o the woper stratosphere. This is

i excellent agreement with resu ts from the
£ ATMOS casurcments [Zander

el al’, 1994  Figure 12 also demonstrates the 1ght gaan i ative relation between

current study and hat puolished from analysi

fluorinatec source pases released at he ground and the iiorgan ¢ fluorine Hudget.

measurced above 35 km.  t clearly contradicts carlier the iypothesis that intense
volcanic eruptions inject large amounts of 11 into the stratosphere [Symonds ct
al., 1978]. The gradients of both the measurements and the model predictions
illustrated in Figure 12 are greater than - mostly ecausc 111° has a tropospheric
oss due to rainout, climinating some of the uorine before it ever rcaches the
upper stratosphere. The time lag of fluorine in going from source .o siik is also

a contriou or, but is css of ¢ cffect tha the rainout.
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SUMMARY

The study has dealt with determining the inorganic fluorine budget in the
stratosphere using high-resolution infrarced solar observations of CFoCly, CEFCls,
CH]“;C], Cl1,CICFCly, Cly, SFg, HF, and COF3 from high-altitude rescarch
balloon. These species comprise 94-99% of total fluorine, depending on altitude.
This is the first time all of these species have been measured simultancously in
the same spectrum, climinating uncertainties which arise if the different gases
arc measured in different locations (c.g. Zander et al., 1992). The mean total
inorganic fluorine in September 1993 was 1.34+0.06 ppbv over the 35-40 ki range
and 1.8840.26 ppbv at 5 kin. Within the uncertainties of MkIV mecasurement,
the inorganic fluorine budget is consistent with tropospheric values in 1987-1988
confirming the conservation of total {fluorine throughout the stratosphere. The
obscrved inorganic fluorine budget is in agreement with ATMOS mcasurcements
and 2-1) model predictions demonstrating that the latter recasonably represents

both the chemistry and transport of fluorine source, reservoir, and sink specices.
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Fig. 1. C¥oCle (CFC-1 2) spectral fit at a refracted tangent altitude of 11.3 kin. COg and
Ho O were simultancously fitted along with CFC-12. [In this and all subsequent spectral
plots, the diamond shows the measured spectral values, while t he solid line shows the
fitted calculation. The dashed line shows the spect rum that would result from target
gas alone. The “residuals” enlarge the differences between the measured and calculated

spectra. ]
Fig. 2. Retrieved vinr profiles of organic fluorine source gases,

Figure 3. CIFClg (CFC-11) spectral fit at a refracted tangent altitude of 13.9 km. HNOj3,

Ho O, and COy were simultancously fitted along with CFC-11.

Fig. 4. CHF2CHIICHC-22) spectral fit at a refracted tangent altitude of 11.3 km. O3

was simultancously fitted along with the HCFC-22 Q-branch.

Fig. 5. CFoCICFCly (CFC-113) spectral fit at a refracted tangent altitude of 8.8 km.
HCFC-22, CINOg, Hs0, COq, and O3 were simultancously fitted along with CFC-113.
Daespite the CFC-113 absorptance being no more than 8%, and overlapping considerably
with the HCFC-22 absorption, the gas can be fitted well due to the precision of results

achicved in retrieving HCFC-22 from its 829.05 cm” ! line (Figure 4).

Fig. 6. CF4 spectral {it at a refracted tangent altitude of 26.4 k. NoO and CHy4 were

simultancously fitted along with the broad-band absorption by CHy.

Fig. 7. S¥Fg spectral fit at a refracted tan gent altitude of 19.5 k. CO2 and H2O waere
simultancously fitted along with SF(; , The broad SF¢ absorption (dashed line: 947.7-
948.0 ¢~ ! ) has its Peak located at 947.94 cin overlapping a high-ground state cnergy
(E =2416 cin—1) CO2line.

Fig. 8. HF spectral fit at a refracted tangent altitude of 21.7 km.HO at 4039.25 ¢!

was simultancously fitted along with the HF R 1 absorption at 4038.96 cim ™.

Fig. 9. Retricved vinr profiles of inorganic fluorine gases. COFCI profile (dashed line)
is a time-dependent 2D model calculation performed for the time and latitude of MkIV

obsoervations.
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Fig. 10. COF4 spectral fit at a refracted tangent altitude of 30.4 kin. COg and Hg 0 were
simultancously fitted along with COFy. The ten nearly unblended manifolds of COFg
arc lacated at 1936.26, 1936.68, 1937.10, 1937.52, 1938.94, 1938.36, 1938.77, 1939.19,
1939.62. and1940.02cin™ ',

Fig. 11. Total fluorine budget measured by MkIV at 35° N in September 1993, The
profiles correspond to budgets of fluorine (Table 2) incorporating six of the measured
gascs (CFC-12, C¥C-11, BCKFC-22, C¥FC-113, HF and COFy) and a gas (COFCI) from
the 2-1D model.

Fig. 12. Total fluorine in the inorganic species versus the organic sources. The figure
demonstrates the tight quantitative relation between fluorinated source gases released at

the ground and the inorganic fluorine budget measured above 35 k.
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‘Jable 1. Spcctroscopiclnterval and Parameters Used in Present Analysis.

Gas Interval Z(strength) flalf-Width
(m"*) (em.molec™) (emvlatm™)
TR, 92T .801T.80 8.040X™ I0™ 0.055

CECl, 1160.9(H 0.75 3.790X10""” 0.030
CICl, 845.90431.50 6.050X 10"’ 0,050
CHECI 829.054 ().S() 2.796 x10°" 0.030
CE,CICECL, 816.60428.80 5.484 X10™7 0.050
Cl, 1283.00.! .00 5.341 x10°7 0.080
CF, 1285.554 1.40 2,690 x10°" 0.080
Sk, 947.95 40.75 1.910 X10"9 0.050
HE 3877.72%0.15 1.888x10°" 0.090
ny 4039.964 ().3() 2.369 x10™ 0.089
1" 4109.95fl 0. 15 1585 x10™* 0.050
COF, 1234.2540.33 1.495 x10°* 0,084
COF, 125 1.0040.80 2.627x10™™ 0,084
COF, 1938.1542.04 4121 x10°™ 0.084

(cm™)
Tange
range
range
230.0
range
range
range
range
123.3
41,1
246.4
rail.gc
range
range



Table 2. MkIV stratospheric fluorine budget for 35°N. September 1993.

Sources | Keservoirs i SInK

Height Temp Pres \,0 f TECL | CFCL | CHECT | Fem | ©oe | Fg | CORCI | Com, | HF Total

km X hPa ppbv | pptv ] pptv l pptv | pptv | pptv
TR D! 02 We2=3 2 U . 1 6 F T E 1 9 . T 1 % X 1 10=1.3 01 4924 21516, 1882.6-260.
6.526237 454.24 337.0+15. 509. 0*16. 281.049.3  125.6426. 70.4+10. 106.W26. 1.3=1.0 01  40.19.3 1.734.6 1843.5+715
7.5 256.72 398.31 330.0%16. 501. 0=28. 280.0=15. 121.1£26. 724275 98.0%18. 1.9+0.8 02 27.1%69 S14496 179442828
8.5247.88 34s.05 323. 0*14.493.0224. 279.0+13. 117.3+2s.  74.6%7.1  90.033. 2.7%.7 0.3 14.1%6.0 -4.1+8.3  1747.7579.2
9.5 239.03 302.56 3 15.0+11. 486.0+15. 278.0+8.9 114989 762+7.0 83.3*10. 34406 0.4 3.7+5.6 -4.s5.0 1711 .3+43.4
105 233,65 261.933100%14. 485.0%25. 278.0+14. 114.9%16. 76.55.5  78.628.5 4.1%0.5 0.4 -3.0+53 -3.129.1 169 8.7%65.8
11.5 227.43 226.06 30 8.0%9.4491.0+15. 282088 116215 754263 758266 4.6204 05  .64+24 -1.25.5  1709.1 +48.4
125 220.62 194.14 309.0511.503.0220. 292.0=11.  11s.757.4 72967 741263 4.73.4 0. -7.6245 -1.8+7.4  1738.04497
13.5 21349 16597 31 0.BI2. 516.0+23. 304.0+12.  122.0%15. 6s.s?6.5 72.13.6 4.733.4 13 -7.5%.7 -4.339.1  1768.4260.9
145 20595 14115 2070%7.1  520.0%12. 310.057.3  125.8%88 623571  67.6%4.6 4.620.3 4.4 -6.924.5 -6.1+4.8 1773 .0*38.6
15.5 199.90 119.26 299.0+12.514.0:24. 308.0=13. 128511 531475 603252 4.43.4 S.4 -5.95.0 -4.4+10. 1744.5%60.6
16.5 19951 100.62 293.027.8505.0=16. 303.0+8.6  126.8*15. 4444832 52.5742 4.353.3 8.6 -3.3*4.9 1.653.2 1703 .432.5
17.5 201.32 8492 290.0+9.0 499.0%18. 294.049.8  122.1%73  41.477.2  47.8+45 43203 11.1 2.8+5.5 12.453.6 1689.5+47.6
1s.5 20321  71.79 2850%12.482.0+25. 272.0%13.  115.7+16. 464469 457455 4.250.4 178 13.9#65S 36.0%14. 1688.2+67.1
19.5 207.37 60.84 269.0+5.6 443.0+12. 232.0%6.5 105.7317. 55.7*7.1  46.0%4.4  4.1+04 25.3 31.057 87.5410.  1671.3%50.1
205 211.92 5174 235.0%7.2 369.0%15. 172.0+7.5 97.7710. 62.7+8.0 47.7743  3.99.4 331  53.7?7.0  185.0+12. 1619.0%47.7
21.5 214.85 4414 197.046.5 288.0%14. 109.0+7.1 01.9+15. 625410,  499+43 36204 455  795+7.5  314.0%14. 1574.9%553

22.5 21703 3772 171.0+45 239.089.8 59.55.5 78.2+16.  s58%11. 51.8+40  3.350.4 551  103.0£7.8 420013, 1545 82542
23.5 21S.71 3228 162.0=6.7 227.0£15.  30.277.0 63.5+18.  46.4+10.  53.0%45 3.1+05 69.5 122.0+9.0 470.0+8. 1533.8%61.7

245 2030 27.066 0 ISAMEAN, NANIAT hpiagg 401£70. 2R0='0. S30435 31405 7s.9 1360488  478.0+13. 1511.9+552
25.5 221.50 23.73 1530:5.7 212.0+13. 11.7+6.6 490221, 373%11. 547?42 32406 S3.4  148.0+10.  489.0+19. 1514.0355.s
26.5 223.31 20.3s 143.0+2.8 183.0+6.9 11.55.9 59.2523. 42.3A11. 55.3?3.4 3.340.6 83.1 160.0+10. 519.0%16. 1545.0%4.7
275 22414 1751 1220344 qsgnaan IR 672524, 51413, 553238 36406 76.5  174.0%12.  565.0+20. 15s7.3?73.0
255 22486 1506 ! 17.0% 2.6 116.0=7.1 8..8+76 62.452S.  59.8%15.  34.8432 38407 732 190.0%12.  625.0=17. 1613.1379.1
29.5 226.59 12.96 982+3.7  89.179.5 5.428.0 423232, S59.6XIR 547138 2708 492  2040%12 6950223, 1603.3291.9
0. S 22023 118 801234 700292 2.0+6.58 123535 471426, 549435 3508 338 21202140 7510224 15377+Nip,
31.5 23082 9.65 67.7%32  57.4290 -0.456.0 55532 27,1442, S52%36  3.0:09 186 213.0+17.  787.0:23. 1438.4%147.
32.5 230.0S 833  5s5.25.0  47.3514, -1.427.6 -4.9723. 6.5%60.  554%53 2410 9.6 209.0£18.  830.0235. 1360.65195.
33.5 229.33 719 502+3.1  37.1%11. -1.483 73434, 8373 55.5%40 1.9+l 2.5 205.0£16. 871.0+32. 1317.1+235.
34.5 232.51 621 41319 231271  -0.8483  -11.6*37. 55.4%.7  1.5%13 0.9 202.0:14. 911.0+21. 13381835
355 23723 53s  31.3725 5.8+10. 0.128.0  .19.9+40. 550538 1.4+15 0.2 202.0+16. 976.0+34. 1352.1295.1
36.5 239.96 467  24.6720.7 -8.9+73 0.8+69  -25.3266. 53.8424 16319 01 198.0+19. 1060.WI3. 13885139,
37.5 240.90 406 224406 -15.8%I11. 14756  -29.4*66. 518437 2.1%24 188.0426. 1120.0+19. 1407.0=145.
3s.5 242.ss 353 174723  -16.2%18. 15262  -55.6*71. 497462  2.9+2.9 176.0+34.  1050.0=5 1. 1259.9+169.

39.5 25050 3.0s 142535  -12.8?27. 1.4+8.3 -60.3577. 48.0493  4.0£33 164, 0+43. 988.0=75.  1171.2%199.
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